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Abstract -- This paper presents the design, analysis, prototype 
and testing of a new fault tolerant electrical drive topology.  The 
Segmented Rotor Switched Reluctance Machine (S-SRM) has 
been modified to include permanent magnet assist by placing 
magnets in the stator slot opening.  This introduces a magnetic 
bias which extends the magnetic operating region of the machine 
and results in greater torque when compared to the conventional 
fault tolerant segmental rotor switched reluctance machine.  This 
new torque dense, fault tolerant topology was investigated using 
2D and 3DFE methods and a prototype machine built, tested and 
verified against the simulations.  Experimental testing was 
carried out with and without the magnets to assess the effect of 
the PM assist on torque performance.  Static tests were carried 
out to obtain the torque -  flux linkage - angle waveforms and then 
this information used to tune a bespoke drive and test the system 
under dynamic conditions.   
The superior fault tolerant performance of this PMA S-SRM 
topology is highlighted by measurements taken under phase open 
and short circuit fault conditions. 
The tests show that this fault-tolerant topology not only meets 
the mass requirements of the aerospace application, set originally 
by a PMSM, but also, with the magnets now placed on the stator 
the rotational induced EMFs and associated short circuit 
currents during a fault are drastically reduced.  Hence the fault 
tolerance of this topology is an improvement on the PMSM 
topology, and it will be of benefit to fault critical systems such as 
aerospace drives and actuators. 
 
Index Terms-- Segmental rotor switched reluctance machine, 
Rotating electrical machines. Permanent magnet machines, Fault 
tolerance, More electric aircraft, Aerospace drives. 
I.   NOMENCLATURE 
PM - Permanent Magnet  
SRM - Switched Reluctance Machine 
S-SRM -Segmental Rotor Switched Reluctance Machine 
PMA -Permanent Magnet Assist 
2D FE -Two-Dimensional Finite Element Analysis 
3DFE -Three-Dimensional Finite Element Analysis 
FE -Finite Element Analysis 
PMSM – Permanent magnet synchronous machine 
II.  INTRODUCTION 
witched reluctance machines (SRM) offer a simple, low 
cost and robust structure which is suited to harsh operating  
conditions [1] making them a contender for many 
household, electric vehicle and aerospace applications [1, 2].  
One drawback of the SRM is low torque density compared to 
a permanent magnet (PM) machine Segmental rotor switched 
reluctance machines (S-SRM) offer greater torque density and 
come someway to bridging the differences.  When compared 
to an SRM, their improved electromagnetic structure offers a 
40% increase in torque for the same copper loss [3, 4]. Magnets 
have previously been inserted into the SRM stator core back to 
improve field weakening performance, this is however at the 
expense of a reduced constant torque, due to the magnets 
increasing the reluctance of the main flux path [5, 6].  
In order to add a magnetic bias, yet avoid changing the 
reluctance of the magnetic circuit, permanent magnets have 
been inserted between the stator tooth tips and magnetized 
alternately in the circumferential direction. A segmented stator 
SRM with PM assist is shown in [7] and in [8] a more standard 
SRM topology is enhanced with PM assist, giving a 25% 
increase in torque capability when compared to the same 
without PM assist. 
PM machines are the obvious choice for the “More electric 
aircraft” [9] because of their high torque density and efficiency 
[10-15]. However, during fault conditions, the drag torque can 
increase significantly which necessitates the overrating of the 
healthy power lane [16]. This can affect the overall 
performance of the machine especially in aerospace 
applications which require significant redundancy [17-21].  
This paper takes the PM assist concept introduced in [7-8] and 
applies this to a fault tolerant, interleaved 2x3-phase topology.  
To further maximize torque capability a segmented rotor 
structure is used [3].  This paper discusses the design 
investigation, construction, static and dynamic analysis and 
fault tolerance of a 24-20 (24 stator teeth, 20 rotor poles) fault 
tolerant PMA S-SRM. 
The machine described here is designed with aerospace fault 
tolerant applications in mind and compared against a fault 
tolerant PMSM used as a nose wheel actuator for an aircraft 
during landing, take off and taxiing. The paper explains the 
basic concept of the machine and the contribution of PM 
assistance in this fault tolerant segmented rotor SRM. The 
problem of PM demagnetization in the stator slot is explored 
and a design solution proposed. Experimental testing of the 
prototype machine is presented both with and without PM 
assist, to assess the impact of the magnets, and finally the fault 
tolerance of the drive is highlighted. 
III.   CONCEPT OF THE PM ASSIST S-SRM 
The operating range of the SRM is generally limited to the first 
quadrant of the B-H curve. This range can be extended to the 
third quadrant through the addition of a small amount of 
magnetic material which serves to magnetically reverse-bias 
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the stator core, as illustrated in Fig. 1. This can increase the co-
energy and therefore the torque capability of a given machine. 
 
Fig. 1.  Operating range of a standard SRM (left) Operating range of 
PM assisted SRM (right). 
 
 
This concept is applied to an interleaved 2x3-phase fault 
tolerant stator, and coupled with a segmented rotor to 
maximize torque density for this aerospace application.  
Critically, the location of the PM assist improves the torque 
output of the S-SRM without compromising the inherent fault-
tolerant advantages of the SRM. 
IV.   THE APPLICATION, TOPOLOGY AND FAULT TOLERANCE 
 This research formed part of the EU funded Actuation 2015 
program [9].  The aim of this work was to replace an existing 
Permanent Magnet Synchronous Machine operating as an 
actuator for a nose wheel steering system with a Switched 
Reluctance equivalent. 
 Initial work concentrated on magnet free machines, in order 
to reduce costs and improve fault tolerance, but it became clear 
that the torque specification could not be met within the limited 
volume available.  Hence some magnets were reintroduced. 
The machine and converter are designed to operate from a 540 
VDC aircraft supply delivering 1.3 kW at 900 rpm with a rated 
current of 11A (peak). A 24 slot, 20 pole topology has been 
developed.  The prototype machine was designed to fit within 
a maximum volume and ensure a minimum standstill and 
average torque can be produced within the current limit shown 
in Table 1. 
Table 1: Machine specifications 
Parameters Dimensions 
Stator outer diameter 230 mm 
Axial length 30 mm 
Stator teeth 24 
Rotor poles 20 
Standstill-100 rpm torque 17 Nm 
Torque at base speed (900 rpm) 13 Nm 
Peak current 11 A 
 
 
This machine is designed for an aerospace application, and as 
such fault tolerance is critical.  The chosen topology is a two-
lane 3-phase structure [16] with one-lane in operation and one 
lane on standby.  The concentrated windings for each lane are 
distributed around the periphery of the machine in an 
alternating manner to balance the thermal loading when any 
one lane is active. In Fig. 2, lane 1 is shown in blue and lane 2 
in red.  
The PM assist S-SRM topology is well suited to aerospace 
applications because of its inherent fault tolerance.  The 
segmented rotor and coil arrangement minimize magnetic 
coupling between phases.  The concentrated winding and 
spacer tooth structure provides electrical and thermal isolation 
between phases and power lanes.  With the magnets having 
been removed from the rotor, problems associated with 
rotational induced voltages, fault currents and drag torque are 
eliminated, improving the fault tolerant capability of the 
actuator. 
 
Fig. 2.  Dual lane arrangement for the PM assist S-SRM.  Lane 1 in 
red, lane 2 in Blue.  Within a lane phases alternate A-B-C-A-B-C 
V.   AVOIDING DEMAGNETISATION 
During development of the prototype a 29% increase in torque 
when compared to a conventional segmental rotor SRM was 
shown to be possible for the same copper loss [16]. However, 
the high current density and naturally cooled specification 
exposed the magnets to a rapid increase in the temperature 
during most severe fault condition (1.5 X rated current). The 
simulated magnet temperature rise during this fault is 200°C 
(SmCo magnets are used) and Finite Element Analysis (FE) 
was used to predict PM demagnetisation. Fig. 3 shows this 
topology and the predicted demagnetization under fault 
conditions. The blue area shows the safe area of the magnets 
whilst the red area shows the demagnetized region. It is clear 
that over 50% of the PM material becomes demagnetised. 
Demagnetisation is particularly apparent when the rotor is 
misaligned and the magnets experience a considerable reverse 
field. 
In order to avoid demagnetization various magnet shapes and 
positions were investigated. The best performing solution 
found involves positioning the magnets higher in the slot, away 
from the stator tooth tips. Fig. 4 shows the resultant stator 
structure; this reduces the extent of demagnetization under the 
same conditions to 0.2% of the PM material. 
The disadvantage of moving the magnets further into the slot 
is the reduction in winding area and commensurate reduction 
in MMF per slot at a fixed current density and fill factor. In 
order to achieve the specified torque, the stack length of this 
  
machine was increased by 25% when compared the PM, 
however it is shown later that the mass is comparable [22]. 
 
 
Fig. 3.  PM-assisted S-SRM with magnets at the stator tooth tip (left) 
Demagnetisation prediction within the magnets at high t emperature 
and under 1.5X rated current fault condition. 
 
Fig. 4.  PM-assisted S-SRM with magnets moved into the slot (left), 
Demagnetization within the magnet at high temperature during the 
1.5X rated current fault condition. 
VI.   3DFE ANALYSIS OF TORQUE CAPABILITY 
The machine dimensions, set by the application, give a large 
aspect ratio (230mm outer diameter and 25mm axial length).  
This results in a considerable end winding length, and hence 
significant end effects.  Therefore 3DFE was required in order 
to include the end winding effect throughout the design 
development stage. The machine was modelled both with and 
without the magnets to assess the PM-assist effect.  Fig. 5 
shows the aligned and unaligned per-phase flux linkage both 
with and without PM assist. The PM assist characteristics have 
been normalized to zero flux linkage at zero current, for 
comparability.  It is clear that the magnets have increased the 
enclosed area due to the delayed onset of magnetic saturation 
caused by reverse-bias of the magnets, and hence the total 
torque produced will be greater. 
Throughout out the simulations the conduction angle is 180°.  
In Fig. 6 the torque capability with and without magnets is 
assessed.  PM assist has increased the torque capability of the 
machine by 21% for the same phase current. 
 
Fig. 5. Aligned and unaligned flux linkage curves with and without 
magnets (3DFE simulation). 
 
Fig. 6.  Average torque with and without magnets (3DFE simulation).  
 
VII.   EXPERIMENTAL VERIFICATION 
A prototype fault-tolerant PMA S-SRM has been built and 
tested under static and dynamic conditions. Fig. 7 shows the 
static torque test rig with the machine while Fig. 8 shows a 
stator slot with the magnets indicated.  Note the direction of 
magnetization is circumferential. 
Flux linkage and static torque has been measured, and then in 
conjunction with its specifically designed controller and 
converter full dynamic testing has been carried out.  A 
comparison with simulated results is given. 
 
Fig. 7. Prototype PM assisted S-SRM under static testing. 
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Fig. 8.  Permanent magnets at the stator tooth tips. (magnetisation 
direction superimposed) 
A.   Flux linkage (Ψ)-current waveform 
By way of verification of the design procedure the Ψ-I data 
was measured and compared to the 3DFE result. 
To obtain this data the rotor was rotated and the flux linkage 
of each phase at different positions obtained. A DC voltage 
was applied to each phase and the current monitored.  Using 
equation 1 the flux linkage was calculated. 
𝜓 = ∫ [𝒗 − 𝒊𝑹]𝒅𝒕
𝒕
𝒐
         (1) 
Where Ψ is the flux linkage, R is the resistance of each phase.  
From the full data set the fully aligned and fully unaligned 
curves were obtained.  As shown Fig. 9, the experimental 
results compare very closely to the 3DFE results. 
This procedure was then repeated after the magnets had been 
inserted into the stator, once again the experimental and 
simulated results match closely.  When comparing the 
experimental Ψ-I curves with and without magnets, it is clear 
that the PM assist has increased the enclosed area considerably 
as shown in Fig. 10, and therefore this will have a positive 
effect on torque capability.  
It is clear that the PM assist machine has a high unaligned flux 
linkage at high current. This is due to the delay in saturation 
due to the reverse bias effect of the magnets.  Saturation is also 
significantly slowed in the aligned position, as show in the 
aligned Ψ-I gradient when comparing the magnet assist and 
magnet free curves. 
B.   Torque comparison 
The torque capability of the prototype machine was then 
measured on a static torque test rig, again this was carried out 
with and without PM assist.  In this test one of the two fault 
tolerant lanes are energized.  Fig. 11 shows the average torque 
over the operating range, whilst Fig. 12 shows the torque at 11 
amps (the rated peak current) and over a full electrical cycle. 
Clearly the design procedure is verified with a close 
experimental and simulated set of results.  With the PM assist 
the average torque is confirmed to increase by 28%. 
There is a clear shift in the angular location of the peak torque 
position with PM assist, as shown in Fig. 12 This has been 
taken account of during the dynamic tests with the appropriate 
phase advance set to maximize torque. 
 
 
 
Fig. 9. Experimental and 3DFE flux linkage current waveforms 
without PM assist. 
 
Fig. 10. Measured flux linkage curves of the prototype machine both 
with and without PM assist. 
 
Fig. 11.  Average measured torque (solid line) with and without 
magnets and comparison with the 3DFE models (marked with X). 
 
Fig. 12. Measured torque over a full electrical cycle at rated current  
with and without PM assist. 
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VIII.   DYNAMIC TESTING 
During dynamic testing the prototype machine was coupled via 
a torque transducer to an induction machine acting as a load.  
The prototype machine was driven using a bespoke three-
phase asymmetric half bridge supplied with 480 V DC and 
switching at 20 KHz. Fig. 13 shows the test rig 
 
 
Fig. 13. Dynamic test rig for PM assisted S-SRM 
The machine was run from standstill to 900 rpm and torque 
measured at phase currents up to 11A.  At 900 rpm, the turn-
on angle was advanced to obtain maximum torque.   Once 
again tests were carried out with and without PM assist. 
Table 2  shows the machine performance at 100 rpm, whilst 
Table 3 shows the performance at 900 rpm. System efficiency 
includes the machine and drive input and the mechanical 
power output. Fig. 14 and Fig. 15 shows the current waveforms 
of PM assisted SRM with and without magnets at 900 rpm with 
180 degree conduction respectively. 
 
Table 2: Prototype machine performance with and without magnets 
(180° conduction angle, minimal advance, 100 rpm) 
 
Measurements Without PM assist With PM assist 
Speed 111 rpm 111 rpm 
Torque 12.8 Nm 16 Nm 
RMS current 7.39 A 7.31 A 
Input power 884 W 1016 W 
Current advance 
angle 
3° 3° 
Conducting angle 180° 180° 
Output power 148.54 W 198.9 W 
Efficiency 16.8% 18.3% 
 
 
IX.   MASS COMPARISON WITH THE BASELINE PM MACHINE 
PM machines are highly suitable for aerospace applications 
because of their high torque density.  Fault tolerance is 
however an issue which needs special mitigation. 
Fig. 16 compares the mass of the PM assisted segmental rotor 
SRM with that of the baseline PM machine. Although the 
overall machine masses are similar, the PM assisted segmental 
rotor SRM uses only 32% of the magnet mass of the baseline 
PM machine. 
 
Table 3: Efficiency of the prototype with and without magnets with 
180 deg electrical conduction at 900 rpm. 
Measurements Without PM assist With PM assist 
Speed 908 rpm 920 rpm 
Torque 10.3 Nm 12.5 Nm 
RMS current 5.25 A 5.03 A 
Input power 1499 W 1773 W 
Current advance angle 40° 40° 
Conducting angle 180° 180° 
Output power 979.3 W 1204.3 W 
Efficiency 65.3% 67.9% 
 
 
 
Fig. 14.  Current waveform at 100 rpm with PM assist. 
 
Fig. 15. Current waveform at 900 rpm with PM assist. 
 
Fig. 16.  Mass comparison of the baseline PM machine and the new 
PM assist S-SRM. 
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X.   FAULT TOLERANT PERFORMANCE 
Much effort goes into the design of a fault tolerant drive to 
ensure magnetic, thermal and electrical isolation between 
phases and power lanes.  Where torque density is of 
importance, as is the case for an aerospace application, 
PMSMs have generally been the machine of choice. 
PMSMs do however induce large back EMFs in the phases, 
which can be a significant concern under open circuit, and 
especially short circuit faulted conditions.  Much effort goes 
into designing a 1-per-unit reactance to limit any short circuit 
current to within the thermal capability of the machine.   
In the PMA S-SRM the rotational induced EMFs are minimal.  
The magnets, placed on the stator, experience a slight 
perturbation in their operating point as the rotor rotates and the 
reluctance of the magnetic path alternates.  The measurements 
shown here highlight that this is a small fraction of that in a 
fault tolerant PMSM. 
A.   Open circuit fault 
In a fault tolerant application the open circuit fault is one of the 
more benign conditions.  Consideration is needed to ensure the 
induced EMF does not drive circulating currents within the 
electrical drive at all operational speeds.  Where field 
weakening is applied an open circuit fault on a PMSM has the 
potential to impose an EMF several times the rating of the 
devices with a catastrophic outcome where safety is critical.  
This is not the case in the PMA S-SRM, where the open circuit 
induced voltage is due to slight changes in the magnet 
operating point.  At the maximum speed of 900rpm a peak 
EMF of 5.2V is measured, Fig. 17.  This compares to 270V for 
the PMSM and highlights the improved fault tolerance of the 
PMA S-SRM in this safety critical application. 
B.   Short circuit fault 
During a phase short circuit fault the EMF drives a short circuit 
fault current.  This in turn imposes a drag torque on the rotor, 
which the remaining healthy phases must overcome to 
maintain full torque output in a safety critical application. 
For the PMSM, the machine is designed to have 1-per –unit 
reactance, thus limiting the short circuit fault current to 1-per-
unit, and thereby maintaining thermal stability during the fault. 
For the PMA S-SRM, the minimal EMF results in a minimal 
short circuit fault current.  Driving the machine at 900rpm 
using power lane 1 and imposing a short circuit fault on Phase 
A of lane 2 results in the measured short circuit current shown 
in Fig. 18.  This 42mArms fault current compares to 25Arms for 
the PMSM.  Once again the fault tolerant capability of this 
drive topology is highlighted. 
C.   Comparison of torque density and fault tolerance. 
It has been shown that the torque density of a segmented rotor 
SRM can be over 40% greater than a standard rotor SRM (for 
equal volume and temperature rise) [4].  Separately it has been 
shown that permanent magnet assist increases the torque 
density of a standard rotor SRM by 26% [8].  In both examples 
the machines can exhibit magnetic isolation if the winding 
arrangement is altered as described by Radun [24], however 
full fault tolerance (magnetic + electric + thermal isolation 
between lanes) is not possible without a significant re-design. 
Ullah et al [9,16,25] directly compare dual lane arrangements 
of SRM (Single lane, duplex), SRM (with spacer teeth), S-
SRM and PMSM.  All machines have the same space 
envelope, current density and current waveforms and meet the 
fault tolerance requirement of full isolation between lanes. 
The Segmented rotor SRM is shown to have 23% greater 
torque density over the standard rotor SRM within the same 
volume and temperature rise. 
A further comparison is made [23,25] between the dual lane S-
SRM and the same with PM assist.  An additional 25% of 
torque is gained, a result consistent with [8].  Table 4 
summarizes and compares these results. 
Therefore one may conclude that for fault tolerant applications 
where dual lanes are required, the compound effect of the 
segmented rotor plus permanent magnet assist applied to the 
SRM offers a torque density comparable with a dual lane 
PMSM and at a greater level of fault tolerance.  Such a finding 
will be of great interest to drive applications where safety is 
critical. 
Table 4.  Torque density and fault tolerant capability comparison gathered from several studies. 
Motor Type Ref. 
Torque output Fault tolerant capability 
Torque (Nm) Per Unit comparison Magnetic Electrical Thermal 
SRM –v- Segmented rotor SRM (Single lane) 
Single lane SRM [4] 22.5 1.0 YES [24] NO NO 
Segmented rotor SRM [4] 32.0 1.44 YES [24] NO NO 
PMSM [4] 42.0 1.87    
SRM –v- PM assist SRM (Single lane) 
Single lane SRM without PM Assist [8] 3.8 1.0 YES [24] NO NO 
Single lane SRM with PM assist [8] 4.8 1.26 YES [24] NO NO 
PMSM –v- SRM –v- Segmented rotor SRM (Dual lane) 
Single lane SRM (duplex arrangement) [9,16,25] 1.47 1.0 YES YES YES 
Dual lane SRM (with spacer teeth) [9,16,25] 1.10 0.75 YES YES YES 
Dual lane S-SRM [9,16,25] 1.82 1.23 YES YES YES 
Dual lane PMSM [9,16,25] 1.86 1.27 YES YES YES 
Segmented rotor SRM –v- Segmented rotor SRM with PM assist (Dual lane) 
Dual lane S-SRM without PM Assist [23,25] 12.8 1.0 YES YES YES 
Dual lane S-SRM with PM Assist [23,25] 16.0 1.25 YES YES YES 
 
  
 
Fig. 17.  Phase open circuit fault – measured phase EMF at 900rpm. 
 
 
Fig. 18.  Phase short circuit fault - measured phase current at 900rpm 
XI.   CONCLUSION  
A permanent magnet assist concept has been applied to a fault 
tolerant, segmented rotor SRM.  This PMA S-SRM has been 
constructed and tested and shown to be a strong contender for 
aerospace applications due to its comparable torque density 
and enhanced fault tolerance when compared to a fault tolerant 
PMSM.   
The benefit of the permanent magnet bias applied to the 
segmented rotor SRM was demonstrated first using 3DFE, 
where in increase in torque of 21% was predicted compared to 
the magnet free S-SRM.  Laboratory testing of the prototype 
machine both with and without magnets confirmed this result. 
Dynamic testing of the machine was done at two critical 
speeds, and the desired specification met. Future development 
will however need to concentrate in increasing the efficiency 
of this topology. 
With the magnets removed from the rotor and a smaller 
amount placed on the stator, rotational induced EMFs are 
vastly reduced, as is the associated short circuit current, now 
only 41mArms.  Hence the fault tolerance capability of this 
drive topology is a great improvement over a PMSM where 
full rated current and voltage must be managed during a fault. 
As the mass of this machine matched its PMSM counterpart, 
the authors believe this fault tolerant PM Assist Segmented 
Rotor SRM topology offers a real alternative in safety critical 
applications and will be of great interest to engineers working 
in this area. 
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